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I.. INTRODUCTION 
The object of this work is an experimental investi-
gation into the possibility of obtaining an increase in 
mass transfer in the electrodialysis of brackish water 
by altering the physical character of the selective· 
membrane, and a correlation of experimental mass transfer 
data with theory. 
From the chemical engineering view-point, electrodialysis 
is a unit operation in which ion transfer through an ion 
selective membrane is achieved by a flow of electric current 
between electrodes. (See Figure 1.) As a mass transfer 
operation, it is distinguished from chemical processes in 
which a transformation of materials occur. Demineralization 
of liquid solutions by electrodialysis, using anion and cation 
selective membranes in series, has been the most important 
application of this unit operation. In the field of saline 
water conversion, it has become known simply as "the 
electrodialysis process." 
An equation has been developed which includes as a 
parameter the thickness of the laminar sublayer of the fluid 
flowing through the electrodialysis cell. This parameter 
<i) has been introduc~ed· into the mass transfer correlation for 
the first time, thereby giving a clearer and a more accurate 
theoretical representation of the operation. 
1 
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u + Na + l_Na+ 
FIGURE 1. MEMBRANE ARRANGE?-'TENT FOR ELECTRODIALYTIO 
DESALINATION OF BRACKISH WATER. 
2 
Since the greatest resistance to mass t~ansfer through 
the membrane is believed to be the fluid boundary layer, it 
can be expected that any device which will alter the character 
of the boundary layer will also alter the rate of mass trans-
fer. Likewise, when mass is transferred across a boundary 
layer in a direction perpendicular to the direction of the 
fluid flow, the magnitude of the mass transfer affects the 
characteristics of the boundary layer(l). Experiments 
conducted in flow of compressible fluids have shown that, in 
general, the thickness of the boundary layer will vary as a 
function of stability of flow, velocity of flow, and 
temperature, In this work an attempt has been made to apply 
this principle to the control of the boundary layer charac-
teristics of an incompressible fluid. The rate of mass 
transfer was measured with and without boundary layer control. 
The objectives of this study were: 
1. A determination of the effect of boundary layer 
control on mass transfer in the electrodialytic desalination 
of brackish water. 
2. The correlation of experimental data with mass 
transfer theory in the electrodialysis of brackish water. 
3 
4 
II. LIT:SRATURE R.EVIE'\'l 
The literature review covers four general areas: 
1. Production rate equations in electrodialysis. 2. T~ · 
r :-,1.at1onship betvteen the laminar sublayer and the Reynolds 
number in the liquid stream flowing through the electrodialysis 
cell. 3. Boundary layer control methods. 4. Polarization 
in electrodialysis. 
A. Production Rate Eguations in Electrodialysis. 
In 1955, A. G. Winger, and Bodamer G. w.( 2 ) derived the 
following equation: (Refer to pages 6, 7 and 8 for nomenclature.) 
q :: (E-e)nt~ RF 
0.0374{E-e)n~ (1) 
:: R 
Equation 1 indicates the number of equivalents of salt 
q removed per hour from the depleted stream and added to the 
concentrated stream in a multiple chamber cell. 
The electrical power supplied to the multiple-membrane 
cell in steady state operation is: 
W:: (E-e)(E)(l,OOO•R)-l (2) 
In 1960, M. v. Ments( 3 ) presented equations for a 
constant voltage batch electrodialysis process. Equations 
were derived which express liquid concentration as a function 
of location in a one-cell unit. 
~ _ KaYaBAN (Cd _ 
t - Vd z cd, ) 
(3) 
h 1 m 2R111o<:.) -1 ( 4 ) cd.1- cd, = - hd( cd, +- + K B cb, r 
Integrating and combining these equations gives: 
t 
'T= 
Cd 1 J m s0de2Rm de 
ln{ r(l + -"(1 - -) } - 0 d, 0bo r Cn r 
t1 + mod, 7cb .. > t1 + Mo' (5) 
The constant T expresses the time it would take theo-
retically to desalinate a saline water solution. M0 is the 
ratio of the contribution of the combined membrane resistance 
to the total cell resistance. at the outset of the run. 
The electrical power supplied to the cell in steady 
state operation is: 
W = s Iat (6) 
where :r is the average current through the cell during the 
operation period. 
In 1963, M. s. M1ntz( 4 ) presented equations for a 
single membrane pair across which a saline solution is flowing 
and through which a direct current is being passed. 
The current requirement is related to the transfer of 





Current efficiency is related, in part, to the ion 
selectivity of the membrane over the concentration range 
of the product stream. For practical design purposes, the 
current efficiency is determined empirically for any method 
of unit cell operation by the use of the followixg relations: 
n Chemical equivalents of salt effectively transferred (B) 
~ = !lectrlc equivalents passed through a membrane pair 
5 
() _ F• Ft •LlN 
~ - ni (9) 
6 
The relationship between the rate of salt ion transfer, 
the product stream flow rate, and the change in concentration 
of the product stream is given by: 
ols = - FdNd 
Substituting equations 9 and 10 in equation 7 gives: 
~:: RplNd 
Expressing Rp mathematically: 
a Rp :: N(i 




vpQdA __ a ~a (l3) 
F•Fo - Nd 
Integrating equation 13 over the effective area of a single 
membrane pair, Ap, and over the desired product stream 
desalination range, gives: 
or: 
~ (ApclA :: - afNP dNa 




Nomenclature: (For equations 1 to 15) 
a :: empirical constant dependent on cell thickness, 
dimensionless 
A = effective membrane area, cm2 
2 Ap = effective area of a one cell membrane pair, em 
C =concentration, equivalents•cm-3 
Cbo = concentration of brine in container at the outset, 
equivalents.cm-3 
Cb 1 = concentration of brine in container at the influent, 
equivalents•cm-3 
ca. =concentration of dialyzate in container at the outset, 
equivalents·cm-3 
cd = concentration of influent dialyzate, equivalents•cm-3 
I 
Cd 2 = end concentration of dialyzate, equivalents•cm-3 
d = empirical constant dependent on cell thickness and 
membrane properties 
e = electrode potential plus counter-electromotive force, 
volts 
E =applied potential, volts 
F = the Faraday, coulombs.equivalent-1 
Ft = total product stream flow rate, liter•sec-1 
F0 = product stream flow rate, liter•sec-1 
h = height of membrane, em 
hd = a constant, em 
Kr =resistance factor (Kr71), dimensionless 
~·10 = membrane resistance ratio, dimensionless 
m = ratio of the brine and dialyzate compartment u l dths , 
dimensionless 
n =number of unit cells between electrodes 
AN = change in concentration of dialyzate during one pass 
-1 through the cells, equ1valents•l1ter 
7 
rd - product strea m concentration, equivalents•liter-1 
Nr = concentration of feed to an electrodialyzer, 
equivalents•liter-1 
N ::: p concentration of product from an electrodialyzer, 
equivalents•liter-1 
q =salt transfer, equivalents 11ter-1·hr-1 
R = electrical resistance of cell, ohms 
Rm =resistance per unit of membrane area, -2 ohms·cm 







2 -2 resistance of one em of one cell pair, ohms•cm · 
current efficiency expressed as a fraction 
equivalent conductivity, ohm-1•cm-1• equivalent•cm-3 
2 effective membrane area, em 
T =time constant, defined by T = FVd(Cd)(7.nAI)-1 , sec 
t = time hours 
dialyzate stream velocity in the stack, -1 vd = cm·sec 
vd = dialyzate container volume, cm3 
Vp =voltage across one cell pair, volts 
Z =average coulomb yield, defined by Z = Vd(Cdo- Cde)' 
equivalents 
B. The Relationship between the Laminar Sublayer of t he 
Liquid and Reynolds Number. 
In turbulent flow of fluids, the first reeion of a 
turbulent system is bounded by y+ = 5, a short distance 
from the wall, and y+ = o, which is at the wall of the tube. 
The distance from y+ = 0 to y+ = 5 is called the laminar 
sublayer: It can be found by the following equation: 
g 
y+ = (r 1 - r)u*fit-1 
r 1 = radius at boundary, ft 
r =any radial position, ft 
? = density of the fluid, lb•ft-3 
)L= absolute viscosity, lb•ft-1•sec-1 
(16) 
u* = (<Ty~ )~ -l )•0·5, called t .he "friction velocity", ft• sec ·l 
y+ =a position parameter, dimensionless 
In this laminar s~layer region, the point velocity and 
position are related: 
(17) 
where u+ = vu*-1 a point-velocity parameter, dimensionless 
v = the point velocity at a position r, ft•sec·1 
Rothfus and Prengle(5) made a detailed study of the 
la~inar-turbulent transition in liquids flowing in tubes by 
studying the behavior of a thin filament of dye introduced 
into the flowing liquid. They were able to measure the 
thickness of the laminar sublayer from the behavior the 
dye adjacent to the wall. When dw (the diameter of circular 
tube) is small the flow is completely laminar in the tube. 
Their results indicated that departure from laminar flow 
may occur at a Reynolds number of about 1,000, which is 
considerably below NRe = 2,000 where the transition from 
laminar to turbulent flow is usually assumed to take place. 
The followitgmathematical ralationships between the 
thickness of the laminar sublayer and Reynolds number have 
been published: 
9 
The Knudsen and Katz relation( 6) 
£ ...i,_ f o.s 
(C= N (2) 
w Re 
The Chilton-Colburn relation(?) 
w• f J -3 S = 2 NRe( D) 
where f = o.46(NRe) 0•8 
The Von Karman-Sherwood relation( 8 ) 
;• = o.039S(NRe)3/4 l + ~~g(NRej-8 
The Frank-Kamenetskii relation(9 ) 





where L is dimensionless. With the friction coefficient f 
described by the Blasius' law, equation 21 becomes: 
~:: L(NRe)·l/8 (0.395V)•lJ (22) 
Multiplying both sides of equation 22 by w• {hydraulic 
thick11ess, em), a new relationship is given: 
-w• _ 0,395 ( )7/8 8c ) ; 8 ~ - L--- NRe = 0,05 NRe 7 
where NRe = vw•v-1 
(23) 
Up to ~ow th~ most reliable correlations between the 
Reynolds number and the thickness of the laminar sublayer in 
the liquid stream flowing through the electrodialysis cell 
were found by Cowan and Brown(lO). They confirmed the 
Kamenetskii relationship with their data. A plot of their 
relationship is shown 1n Figure 2. 
Nomenclature: (For equations 18 to 23) 
~ = thickness of laminar sublayer, em 




THICKNESS OF THE BOUNDARY LAYER IN TURBULENT 
FLOW THROUGH. AN . ELECTRODIALYSIS OELL(.lO). 
f = friction coefficient, dimensionless 
L = characteristic length, dimensionless 
v =kinematic viscosity, cm2• sec-1 
V =velocity of fluid flow, cm•sec-1 
NRe = Reynolds number, dimensionless 
dw = the diameter of circular tube, em 
c. Boundary Layer Control. 
Griffith(ll) of Great Britain originally indicated 
that the boundary layer may be reduced in thickness or even 
removed by the application of suction through slots cut in 
the internal wall of a eircular tube or through a vall o~ 
porous mterial, and that thereby the various characteristics 
12 
of the boundary layer may be controlled. This idea was first 
used in designing a low-drag airfoil, where the low drag was 
obtained by keeping as much of the boundary layer as possible 
laminar without boundary layer separation. No reference has been 
been found in the literature on the effect of reducing the 
thickness of, or the removal of, the boundary layer upon mass 
transfer in electrodialysis. 
The application of suction, as mentioned above, was found 
to have a stabilizing effect on the boundary in the flow of 
compressible fluids. This stabilizing effect was indicated in 
one of the following manners: 
1. ~ reduction of the thickness of the boundary layer. 
2. A changing shape of the laminar velocit1 distribution 
profile. 
3. A decreasing value of the Reynolds number in the boundary 
layer. 
4. Elimination of the greatly retarded portion of the 
boundary next to the wall, with increasing pressure. 
The following effects of boundary layer control in flow 
of fluids have also been reported(l2 ): 
1. Reduction of drag by elimination of separation of the 
boundary layer due to turbulence, and by increasing the 
relative amount of laminar flow. 
2. Increase in the maximum lift coefficient by increasing 
turbulent separation. 
3. Improving lateral control by the use of suction and blowing 
slots near the trailing edge of an airfoil. 
4. An increase in the efficiency of diffusers and bends. 
5. Reduction of boundary layer interaction due to shock at 
high speed and, in particular, elimination of boundary layer 
separation following the shock. 
When a fluid passes between two parallel plates, the 
velocity distribution in a cross-section of th~ fluid varies 
with the distance from the inlet. At a cross-section farther 
downstream the velocity distribution changes due to wall 
friction, until a fully developed velocity profile is obtained, 
which then remains constant(l3). 
The th10kness of the boundary layer increases from zero 
at the inlet, to a maximum at the cross-section where the 
velocity profile is fully developed. By putting a series of 
transverse grooves in the surfaces ot the parallel plates, the 
formation ot the maximum thickness of boundary layer is 
1nterrupte~- the boundary layer will again increase from zero 
13 
Direction of Flow 




thickness. This boundary layer control device has been used 
in heat transfer studies(14 >. An effort has been made in this 
investigation to apply this boundary layer control method 
(transverse grooves) to mass transfer. 
D. Polarization 1n Electrodialysis. 
In the many electrodialysis applications investigated 
to date, the most important factor limiting current density 
(and hence equipment capacity) has been that of polarization. 
Rosenberg and Tirrell(l5) have indicated that, while 
practically all the ions are transported through the membranes 
by electrical transport, only about one-half the ions arriving 
at the membrane interface from the bulk of the solution are 
carried by the electric current. The remaining ions arrive 
at the membrane interface as a result of a diffusional 
process. As the ions are transferred through the membrane, 
the concentration•~anions and cations in the electrolyte 
adjacent to the membrane surface of the dil•t1ng cell is 
reduced, and the d~1Ting force for .ass transfer by diffusion 
thereby increases. 
At high current densities, the liquid film adjacent to 
the membrane surface becomes depleted in those ions being 
transferred through the membrane and the electrical resistance 
of this film rises sharply. As the current density is increased, 
the transfer of hydrogen and hydroxyl ions increases appreciably. 
The extent of thte · transfer of hydrogen ions depends upon the 
the ratio of the concentration of hydrogen iona to the concen-
tration of other cations at the surface of the anion membrane. 
Polarization increases gradually as the current density is 
thus increased due to depletion of cations and anions in the 
diluting stream. 
16 
Polarization as discussed here, occurs only in the diluting 
(product) stream, since it is from this stream that mass transfer 
is taking place. Polarization is not usually simultaneously 
significant at both cation and anion membranes of an electrodi-
alysis cell. When polarization becomes pronounced at an anion 
permeable membrane, hydroxyl ions are transferred into the 
concentrating stream, making it more basic. Polarization at a 
cation permeable membrane results in the transfer of hydrogen 
ions into the concentrating stream. These two reactions coun-
teract each other as far as their individual effects on the pH 
of the diluting stream. However, the polarization occuring at 
anion and cation membranes are not necessarily equal. Therefore, 
the flow of hydroxyl and hydrogen ions is not always the same. 
Current densities sufficient to cause significant polari-
zation can cause inefficient operation in electrodialysis. As 
the electrical resistance due to stream dilution increases, the 
energy consumption also increases. Likewise, the current 
efficiency decreases with the transfer of hydrogen and hydroxyl 
ions due to polarization. The current density at which pola-
rization becomes significant in electrodialysis is referred to 
as the "limiting current density". 
Polarization becomes more significant as the liquid film 
adjacent to the membrane surface becomes depleted in electrolyte 
ions. Therefore, an increase in the rate of the diffusional 
process which promotes the transfer of electrolyte ions from 
the bulk of the stream to the membrane surface will occur. 
This will reduce the possibility of reaching the "limiting 
current density". Elimination of stagnant areas in the 
electrodialysis cells by an increased turbulence of the 
solution passing through the cells is beneficial in increasing 
the diffusional process. 
Increased flow velocity has also been found to be effective 
in increasing the "limiting current densiti'(l 6 ). The effect 
of increased Reynolds number upon the polarization limiting 
condition has not been completely established. Rosenberg and 
Tirrell{l5) had some success in using Reynolds number correla-
tions in the laminar flow region. 
17 
III. EXPERI!,rENTAL • 
. A.. Purpose of Investigation. 
18 
It has been the purpose of this investigation to increase 
the mass transfer occurring in the electrodialytic desalination 
of brackish water and to correlate the experimental data with 
existing theory. An equation relating the thickness of the 
laminar sublayer and the rate of mass transfer has been developed. 
The effect of boundary layer thickness upon rate of mass 
transfer has been investigated and a method of its control 
suggested. This method involves passing the solution across 
narrow transverse grooves formed in the membrane surface, as 
a means of reducing the average thickness of the boundary layer 
and thereby reducing the resistance of the liquid boundary 
layer to mass transfer. 
B. Plan of Experimentation. 
A seven-chamber electrodialysis cell was employed in 
this investigation (See Figure 4.). Brackish water from a 
well located in Cooper County, Missouri was used. Total 
solids content was 9905 ppm. It's pH was approximately 1.0. 
(See Appendix VII.). The anions and cations removed from the 
brackish water resulted in potable water being obtained 
(total ion concentration less than 500 ppm). The mass 
transfer obtained was determined by analyzing for the chloride 
concentration in the brackish water and in the purified water. 
The method of forming grooves in the membrane is shown in 
Figures 5, 6 amd 7. The mass transfer and power consumption 
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with and without a boundary layer control device were measured. 
The data obtained demonstrated the beneficial effect of boundary 
layer control on mass transfer. 
C. Materials. 
The materials used in this investigation, their specifi-
cations, manufacturer or supplier, and uses are as follows: 
Membranes, Catign ~change, No. 3142 and Anion Exchange, 
No. 3148. Produced by Ionics Inc. (Division of Pfaudler-
Permutit, Inc. New York, New York). Used as electrodialysis 
membranes. 
Brackish Water, Obtained form a well located 1n Cooper 
County, Missouri. (Refer to Appendix VII for brackish water) 
The following chemicals were used to determine the 
halide concentration in feed water and product water. 
Produced by Lindsay Chemical Company. 
Produced by Lindsay Chemical Company. 
D. Appe.ra tus. 
The apparatus used in this investigation, specifications, 
manufacturer or supplier, and its use are as follows: 
Ammeter, DC. Model A0-15, No. 709, 0-10 amperes. UMR 
Property No. 7048. 
Pump, Rotary pump, type 80019, 110 volts AC-DC, 
(Serial number RCL-4-1845). Manufactured by Eastern Industries, 
Conn. 
Power Source. DC. National Rectifier (Intermediate, four 
tube). Serial No. 21172, 220 volts, 40 amperes. Manufactured 
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FilGURE 7. l:)0UNDARY LAYER CONTROL DEV 1. CE NO. 2. 
')3 <-
Vol t_meter. DC. No. 317790, 0-150 volts. ]-,~a:nufac tured 
by Roller-Smith, Bethelehem, Pa. Resistance 160-1,600 ohms. 
Full scale 150 volts. 
Glassware. An assortment of standard laboretory glassware 
was obtained from the Chemical Engineering Depart~ent Stockroom, 
m-m. 
Electrodialyzer, Seven Cell Unit. Constructed in the 
Chemical Engineering Department Shop, UMR. (See Figure 4.) 
It was built of polyvinylchloride, using 12 inch square sheets 
and an 8 inch diameter pipe. Each of the seven cells in the 
unit had a volume of 815 milliliters. The electrodes consisted 
of 8 inch diameter graphite disks. The cells were held together 
with end blocks and tie rods. 
Thermometer. Liquid temperatures were measured with a 
• 0-200 F thermometer, obtained from the stockroom, Chemical 
Engineering Department, UMR. 
Boundary Layer Control Devices. Four types of boundary 
layer control device were used in this investigation. The 
function of these devices was to interrupt or to disturb the 
continuity of the liquid boundary layer at the rnerr.'crane surface 
and thereby to reduce its average thickness. The construction 
of these devices was as follows: 
1. The first device was made of wood. The shape and dimensions 
are shown in Figure 5. The installation of this device on the 
membrane surface is shown in Figure 6. 
2. The second device was made of one layer of rubber and one 
layer of copper sheet. The shape and dimensions are 
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shown in Figure 7 . The installation of this device is the 
same as that of device No. 1. 
3. The third device tms made of 2 millimeter copper screen . 
The installa tion of this device lvas the sa me as for control 
device No. 1. 
4. The fourth device consisted of a "Y"-shaped glass tube 
nozzle. It was made of 0.5 centimeter inside diameter glBss 
tubing as shown in Figure 8. The installation of these 
nozzles is shown in Figure 9. 
E. Experimental Procedure. 
Analysis of Solutions. ;:ohr's method for titration 
of halides was used in this experiment. K2cro4 lirtS the 
indicator used. The product stream of the clectr<"'r'iialys is 
was analyzed for the presence of halides, titrating Hith 
silver nitrate solution. From the change in halide 
concentration of the product stream during the period of 
experimental operation, the rate of mass transfer was 
determined. (See Appendix III.). 
Electrodialysis, Electrodialysis was started after the 
preparation of the proper feed solution. The feed solution 
was recirculated through the electrodialysis unit at a 
predetermined rate in batch recirculation operation. This 
solution became the product (diluting) stream. Heat generated 
in the solution by electrical resis t ance was insignificante 
Solution samples were withdrawn periodically during each r un 
for analysis. After each experimental run the electrodialysis 








Front View Side View 
FIGURE 8. GLASS TUBING MIXING NOZZLE. 
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FlGURE 9. THE INSTALLATION OF GIJASS TUBING 
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j 
inspected periodically to detect any deterioration. 
F. Calculations. 
The feed solution (product stream) was analyzed before 
and after each batch run and periodically during each run to 
determine the mass transfer through the membranes. Results 
~rere expressed as halide concentration. An example of this 
calculation is shown on page 53, Appendix III. 
An example of the calculation of Reynolds number and 
laminar sublayer thickness from velocity measurements is 
shown on page 48, Appendix I. 
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IV. DISCUSSION. 
A. Derivation of the Mass Transfer Equation. 
Several equations relating mass transfer and power 
consumption have been published by various investigators in 
the past ten years. Some have reported that the theoretical 
equations and experimental data are in good agreement, and 
some have reported their disagreement. Each equation includes 
empirical constants. These constants, however, are not 
explained very well, if at all. 
The equations for mass transfer in electrodialysis cited 
in the literature do not include the viscosity parameter. In 
mass transfer operations viscosity is an important variable. 
However, if the operation is maintained at constant temperature 
viscosity should not change appreciably at the dilute con-
centration of brackish water. In most mass transfer operations 
involving flow of fluid the boundary layer is a primary 
variable controlling the rate of mass transfer and the effect 
of the laminar sublayer is a function of the Reynolds number. 
From this analysis the conclusion may be drawn that the 
thickness of the laminar sublayer should also be an important 
variable in controlling mass transfer in electrodialysis. 
Therefore, the thickness of the laminar sublayer is proposed 
as a controlling parameter in the mass transfer equa.tion in 
electrodialysis. The only other work found in t he l iter ature 
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in which the rate of mass transfer is considered to be controlled 
(, '7 ' by the laminar sublayer thickness refers to osmo s is ·~ 1 • 
(See Figure 10.). 
In this work, mass transfer data were obtained in several 
experimental runs in the desalination of brackish well water 
by electrodialysis for the purpose of developing a mathematical 
equation relating mass transfsr and the thickness of the laminar 
sublayer. In these experimental runs the temperature of the 
liquid was maintained at 85°F. After about 20 minutes of 
operation, a normal state of operation was usually obtained 
and the experimental data were considered to be reliable. 
Varying liquid flow rates were used in verifying the validity 
of the equation. The liquid flow rate was maintained at 
1, 200 cm~min -l during all the experimental runs from vrhich 
data were used in comparing rate of mass transfer with the 
various boundary layer control devices. 
A mass transfer equation (Equation 26, page 33.) has been 
derived on the basis of this analysis. A correlation of the 
concentration of the dialyzate with time of operation in 
electrodialysis is shown in Figure 11. Equation 26 indicates 
the correlation of concentration change and the t h ickness of 
the laminar sublayer. A plot of experimental results is shown 
in Figure 11. 
~ ("-1) ct.t = KC on 
C : concentration of the dialyzate, equivalents·liter-1 
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FIGURE 10. BOUNDARY LAYER, LIMITED FLOW RATE 
FOR SEA WATER( 17 ). 
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FIGURE 11. OPERATING TIME VS LOGARITHM OF HALIDE 
OONOENTRATION. 
-----·---·---
K ::: f ' ., 7 ' 1"' t · · \. ·' •· 8 , 0 1- r:>t n, ~J, a cons ant at consta.ri t voltage 
for the same electrod ia lysis unit , c~· rr in -1 
7 
v ::: dialyzate volume, cr_.~ 
K8 - stream factor (K8 >1), d imens ionles s 
b = distance between membrane area, 
,... 
a ~ effective membrane area, erne 
n = number of corrpartments 
E = applied potential, volts 
Rearranging equation 24: 
2 em 
Integrating equation 25 between C0 and 
..., 
'-' t' 
( ) ('-1 ln Ct = Kto + ln(C 0 ) 
and 0 and t: 
( ~? 6) 
C0 = concentration of dial yzate at beginning of a run, 
equivalents·liter-1 
Ct = concentration of dialyzate at time t, equivalents•liter-1 
t = operating time, minutes 
The calculation of~ is based on the work of Oowan(lO), 
who found that the lirritin g current density is e function of 
the Reynolds number a nd tLe laminar sublayer U!l.c k 12ess . ~ c or e -
over~ he found that in electrodialysis, only t he Frank-
Kamenetskii relationship between the laminar sublayer th ickn~ss 
and Reynolds number holds true. He indicated t ha t other 
relat1onshi.ps, do not apply in electrodialysts. Ttler eforf:, 
Cowan's finding has been applied in this research to t he cor-
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relation of laminar sublayer thickness and rate of mass tra nsfe r. 
If equation 26 holds true, then a plot of t vs. ln(Ct) 
will be a straight line, and the slope will equal Kbn-l• 
This is demonstrated in Figure 11. When ~ is changed, due 
to the changing of fluid flow rate or to some other cause 
affecting its magnitude, the slope of the line will also 
change. A calculation and comparison of K values are shown 
in Appendix v. The values of K (average) obtained were -0.0064, 
-0.00597, -0.00557, -0.0064 for liquid flow rates of 740, 1200, 
1420, 2040 cm~min-1 , respectively. (See Appendix V). 
From equation 26 it is seen that Ka;1 is the slope of the 
ln(Ct) vs t line. The least square method has been applied to 
the data of runs 1, 2, 3, 4, 5, 6, 9, 12, 13, 14. 
The values of K~;1 were calculated by using an IB~ 1620 
computer (n indicates the run number). Values of~ were 
calculated by the Frank-Kamenetskii relationship using Reynolds 
numbers for different experimental liquid flow rates. The 
above comparison of K values shows that K is a constant at 
constant voltage for the same electrodialysis unit and also 
that equation 26 is valid. (See Figure 11.) 
When ~ is calculated using a Reynolds number determined 
from a known liquid flow rate V, the degree of desalination 
can be predicted within limits of experimental error using 
equation 26, thus proving that the thickness of the laminar 
sublayer is an important controlling variable in electro-
dialysis. 
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P. The .Effect of. Boundar..v l-ayer Control on I~".ass Transfer 
in the Elect.t.Q.dial_ytic Desalination of :.tZrack1sh water. 
llhen a bm .. mdnry layer c :>ntrol device 1-m.s used the cu.rrent 
density and current efficiency were improved. The current 
density was limited, however, by polarization at the 
solution-membrane interface. The "limiting current density" 
is usually expressed as the ratio of current density to 
solution normality. Its value increases in proportion to 
v0 ·55, where Vis the flow rate of dialyzate solution through 
the diluting cells. For this reason a fairly high liquid 
flow rate should be used(lS). 
Runs 2 and 3 were made using AMF 3142 cation tind anion 
membranes. Run 7 was made with the same electrodialysis unit 
and Hith the same membranes~ but with very turbulent flow. 
The turbulence was created by introducing the solution into 
the cell through the "Y"-sh.aped nozzle shown in Figure 9. 
The degree of turbulence obtained was observed in an open 
cell with the solution passing through nozzle. The results 
of these runs show that turbulence had a measurable effect 
on mass transfer and power consumption. 
The mass transfer obtained vil th nozzle •induced turbulence 
was increased 16 percent, compared with that obtained 1-ri thout 
the nozzles. The power reduction obtained was 15 percente 
A comparison of these result s is zho\m in Figures 12 and 13 . 
(Sample calculations are shom1 in Appendix IV). 
The mass transfer o 1) . i11 ed with boundary layer control 
device No. 1. (transverse grooves in the membrane' :~mrface ) 
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FIGURE 13. COMPARISON OF POWER CONSUMPTION WITH AND 
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FIGURE l4o COMPARISON OF MASS TRANSFER WITH AND WITHOUT 
BOUNDARY LAYER CONTROL DEVICE NO. 1. 
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18,000 
17,000 v =Run 8 (with control device No. 1) 
1,6000 l:l = Run 9 (with no control device) 
15,000 0 :Run 10 (with control device No. 2) 










11,000 / ~ 







~ / • 9,000 / .. 
~ 8,000 
0 
'" ~ 7,000 P. a 
:::s 











0 20 0 
Time of Operation Be~inning with 
Concentration = 0.02 8, minutes 
!'igure 15. COMPARISON OF POWER CONSUMPTION WITH AND 
WITHOUT BOUNDARY LAYER CONTROL DEVICE. 
as compared with no boundary layer control device is shown is 
Figure 14. 
The increase in mass transfer obtained in Run 8 using 
device No. 1 was 52 percent above that obtained in Run 9 
using no control device. Power consumption with and without 
this boundary layer control device installed was 7700 watt-
minutes, compared with a total power consumption of 6600 watt-
minutes, with no boundary layer control device. (See Figure 15). 
This power consumption increase between runs 8 and 9 was 17 
percent, compared with a mass transfer increase of 52 percent. 
It is therefore concluded that this boundary layer control 
method of increasing mass transfer is a very effective means 
of improving electrodialysis. 
The results obtained using boundary layer· control device 
No. 2. (See Figure 7.) are shown in Figures 15 and 16. When 
using this device, mass transfer was increased 57 percent and 
power consumption increased 27 percent. (Sample calculations 
are shown in Appendix IV) 
Another run (Run No. 11) was made using boundary layer 
control device No. 3. It was assumed that the ions could be 
transferred through both the copper screen and the membrane. 
The mass transfer and power consumption obtained were 
somewhat less than obtained with other boundary layer control 
devices. The mass transfer was increased 46 percent and power 
consumption decreased 5 percent. These results are plotted 
in Figures 15 ans 17. these results are also in.dica te that 
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FIGURE 17. COMPARISON OF MASS TRANSFER WITB AND 
WITHOUT BOUKDARY LAYER CONTROL D"P:VICE VO. 3. 
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was not effective in increasing the mass transfer. 
c. Discussion of Results. 
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Comparing the experimental results obtained with different 
boundary layer control devices has led to the conclusion that 
boundary layer thickness (actually laminar sublayer thickness) 
is a major factor in mass transfer and power consumption in the 
electrodialytic process for desalination of brackish water. 
From the mass transfer equation for electrodialysis it was 
concluded that the laminar sublayer thickness is the 
primary parameter 1n this process. Not much work has been 
reported on boundary layer control 1n mass transfer and none 
in electrodialysis. The results of this research indicates 
that boundary layer control may contribute greatly to the 
improvement of mass transfer in electrodialysis. 
Boundary layer control obtained by placing grooves in the 
membrane and by placing flow nozzles in the electrodialysis 
cell apparently decreased the average thicknes of the laminar 
sublayer. This resulted in an increase 1n rate of mass 
transfer of approximately 50 percent, with a constant rate 
of fluid flow through the cell. It is concluded that this 
type of boundary layer control may have the following effects 
on fluid boundary layer characteristics and hence on the rate 
of mass transfer in electrodialysis: 
1. The thickness of the stagnant portion of the boundary 
layer (the laminar sublayer) will be reduced, due to the 
intermittent interruption of flow in the fluid layer adjacent 
to the membrane wall caused by the grooves 1n the membrane. 
The effect of this reduction in boundary layer thickness 
appears to have increased the rate of mass transfer. 
2. The increased velocity of flow of the liquid past the 
membrane surface due to placing of flow nozzles 1n the cell 
will create a turbulence 1n the boundary layer, thereby 
reducing the boundary layer thickness lTi th an apparent 
increase in the mass transfer rate. 
The reason for the increase 1n rate of mass transfer 
is not entirely due to the increased turbulence 1n the cell. 
This can be proved by comparing the increase 1n rate of mass 
transfer obtained with membrane grooves and with flow nozzles. 
JBximum iaoreases obtained were approximately 50-60 percent 
and 20 percent, respectively. This indicates that the rate 
of mass transfer was increased materially by the devices 
designed to reduce the boundary layer thickness. 
Some literature has indicated that solution temperature 
affects mass transfer and power consumption 1n electrodialysis. 
A change of l°C is reported to increase mass transfer by about 
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2 percent and to decrease power consumption by about 2 percent(l). 
In these experiments the liquid temperature was kept 
as constant as possible (within loto 2°F.), thereby eliminating 
the effect of this variable. 
V. sm~YLARY. 
From this investigation it has been demonstrated that 
the boundary layer of a liquid flowing through an electro-
dialysis cell offers a major resistance to the transfer of 
ions in electrodialysis. A mathematical equation has been 
derived which correlates the thickness of the laminar 
sublayer in the liquid boundary layer with the rate or mass 
transfer obtained. This correlation has indicated that the 
thickness of the laminar sublayer ~ is a principal parameter 
in the control of mass transfer. Upon the basis of this 
correlation, a method of boundary layer control was applied 
in the electrodialysis of brackish water. One method of 
control consisted of placing grooves in the surface of the 
electrodialysis membranes. Another less effective control 
device consisted of inserting flow nozzles in the electro-
dialysis cell. According to the principle of boundary layer 
control, the thickness of the boundary layer should be decreased 
by these devices. The results of this work indicate, first, 
that the thickness of the laminar sublayer is a principal 
parameter in mass transfer in electrodialysis, and, second, 
that boundary layer control is effective in increasing the 




A comparison of the values predicted by the proposed 
mass transfer equation with experimental results has led to the 
following conclusions: 
1. The equation containing the laminar sublayer thickness 
term ~ can be useful in predicting rate of mass transfer in 
electrodialysis of brackish water. 
2. The laminar sublayer thickness is a controlling parameter 
in mass transfer in electrodialysis of brackish water. 
A comparison of the experimental mass transfer and 
power consumption data, obtained with and without the use 
of boundary layer control device, leads to the conclusion 
that such a device may be successful in increasing the rate 
of mass transfer and thereby reducing the cost of electro-
dialysis of brackish water as much as 50 percent. 
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VII. RECOV!v<ENDATIONS. 
From the results of this experimental work, recommen-
dations for extending this study and for an industrial 
application of its results are as follow: 
1. For further study of boundary layer control in electro-
dialysis, it is recommended that other boundary layer control 
methods should , be investigated. Inasmuch as the boundary 
layer itself has not been well understood, more research 
should be done on potential boundary layer control methods. 
2. Since the results of this research have been obtained 
using limited laboratory type equipment, it is anticipated 
that any industrial application will require specially 
constructed membranes. These membranes should have grooves 
on the surface facing the diluting (product) stream, 
assuming the liquid boundary layer in the stream to offer 
the controlling resistance to mass transfer. Further 
investigations should also be made of the application of 
this control method to the boundary layers of the fluids 
stream and the concentrating (waste) stream. 
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APPET\'DIX I 
Example of calculation of Reynolds number NRe and laminar 
sublayer thickness: 
Diameter of the cell = 21 em 
Width of the cell = 2.5 em 
Da(average) = 4A(p)-1 , em 
2 where: A = cross-section area,cm 
P = wetted perimeter, em 
In this experiment 
21.0·2.5 




::: 23.5 em 
140 Da(average) = ~ = 5.957 em 
For Run 1: 




-1 ::: 0.676 cm•sec 
5.957•0.676•62.3 
NRe - ::: 457 
(30.48)2·0.000672•0.85 
e ::: density of the brackish water ::: 62.3 lb•ft-3 
}A= viscosity of the brackish water = 0.85 centipojse 
1 ft = 30.48 em 
W' = hydralic thickness, defined by 4A(P)-1 , em 
48 
p 
1 centipoise= 0.00067 1b•ft-1•sec-1 
~: 0.058(NR )7/8 b' ~e 
5-957 
~ = 30.48•0.058(457)7/8 = 0.0160 ft = 0.4876 em 
For Run 2: 
Va = 1,200 cm3•min-1 = 20 cm3• sec-1 
NRe = 457•20(23.6)-1 = 387.3 
~ - 5-957 
.2 - 30.48•0.058(387)7/8 
= 0.0182 ft = 0.5547 em 
For Run 4: 
Va = 740 cm3•min-1 = 12.33 cm•sec-1 
NRe : 457(12.33)(23.66)-1 = 238.8 
{' - 5.957 
'bA ---------:--- = 0.0238 ft = 0.8625 em 
4 - 30.48•0.058(238)7/8 
For Run 5: 
Va = 2040 em~ min-1 = 34 cm3•sec-1 
NRe = 457•34(23.66)-1 = 658.4 
5.957 




Calculation of change in mass transfer and power consumption. 
(C4 - C3) - (C2 - C1) 
0 = ---------------------(02 - C1) 
C = increase in rate of mass transfer 
C4 = concentration of dialyzate in cell at the beginning of run 
with control device, equivalent•liter-l 
c3 = concentration of dialyzate in cell at the end of run with 
control device, equivalent•liter-1 
c2 = concentration of dialyzate in cell at the beginning of run 
with no control device, equ1valent•liter-l 
c1 = concentration of dialyzate in cell at the end of run 
with no control device, equivalent•liter-l 
p = 
P = decrease in power consumption 
P2 =power consumption for operation with control device, 
watt-minutes 
P1 =power consumption for operation with no control device, 
watt-minutes 
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Comparing Runs q a nd 1 0 : (for data see Appendi~ VI) 
Increase in rate of mass transfer is: 
(0.0268 - 0 . 0020) - (0 .0268 - 0.0110) 
c = ~· 57% 
(0.0268 - 0.0110) 
Power consumption increase is: 
8400 - 6600 
p = = 27.2% 
6600 
Comparing Runs 8 and 9: 
Increase in rate of mass transfer is: 
c = 
(0.0268 - 0.0028) - (0.0268 - 0.0110) 
(0.0268 - 0.0110) 
Power consumption increase is: 
7700 - 6600 
p - = 16.7% 
6600 
Comparing Runs 9 and 11: 
Increase in rate of mass transfer is: 
= 52% 
c ::: (0.0268 - 0.0038) - (0.0268 - 0.0110) 
--------------- :: 46% 
(0.0268 - o.o:1o) 





Comparing Runs 3 and 7: 
Incree.se in rate of mass transfer is: 
(0.0268 - 0.0044) - (0.0268 - 0.0076) 
c = = 16% 
(0.0268 - 0.0076 ) 
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Power consumption decrease is: 
6500 - 5500 
p = = 15.4% 
5500 
APPENDIX III 
Example of calculat1on of halide concentration of solutions. 
(Mohr's method)(l9). 
Solut1on volume= 25 cm3 
V= ~No3 solut.1.on used in titration, 
Concentrat1on of AgN03 solution= O.l. normal 
Halide concentrat1on of s&~.ple = V(O.l) ( 25) -l= 0.004V, 
equivalent•liter-1 
Example of calculation of pm.rer consumption. 
W=)E Id.t= EL1t watt-w1.nutes 
E applied voltage, volts 
I average current dur1ng 20 minutes period, amperes 
At t1we, minutes 
For Run No. 1. 


































20x3lxl.85 = 1143 
20x3lxl.-rO= 1.0 ?1 
?0.A3lxl. 4? == 902 
20x3lxl. 25 == 776 
20x3lxl. 00 = 6 20 
20x3lx0. 70 = 4 34 














Data for lor'arithm :pl ot (Figure 11.) 
Run number ~t ln(Ct) 














0.0040 - 5 .521 
0.0034 -5. 684 
APPENDIX IV (CONTirUED) 
Run number Ct 1n(Ct) 

















































7 (with boundary layer control device No. 4.) 
8 (with boundary layer control device No. 1.) 
10 (with boundary layer control device No. 2.) 

















K~;'= slope of a line which representing equation 26, 
calculated by IBM 1620 computer. 
Ka = K (average) 
Ka = -0.00597 (for runs 1, 3, 6, 13.) at 1200 cm~min-1 
Ka = -0.00557 (for runs 2, 9, 12, 14.} at 1420 cm3·min-1 
Ka = -0.00590 (for runs without boundary layer control device: 






~ Transfer and Power C~sumptio~ ~ 
Time Potential Current Flow Agi-ro3 Solution Halide Power 
Re.te Used Concentration Consumption 
min volts amperes~ cm3 ~guiyalents watt-min 
min liter 
0 31 1.9 1,420 3.0 0.0120 --- ... 
20 31 1.8 1,420 2.5 0.0100 1143 
40 31 1.6 1,420 2.2 0.0088 2194 
60 31 1.3 1,420 1.7 0.0068 3096 
80 31 1.2 1,420 1.4 0.0056 3872 
100 31 0.8 1,420 0.9 0.0036 l~492 
120 31 0.6 1,420 0.7 0.0028 4-926 
140 31 0.5 1,420 0.6 0.0024 5260 
*Run 1 ,.,i thout boundary layer control device 
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TABLE II 
~ Transfer ~ Power Consumption £Q.r. 
Electrodia.1ys~ 21. Brackish Water·:t-
Tlme Potential Current Flow AgNo3 Solution Hal1.de Power 
Rate Used Concentration Consumption 
min volts amperes cm3 cm3 eguiva.lents ;.mtt-min 
min liter 
0 31 2.0 1,200 3.2 0.0128 
..... __ _. 
20 31 1.8 1,200 2.6 0.0104 1180 
40 31 1.6 1,200 2.1 0.0084 2232 
60 31 1.3 1,200 1.7 0.0068 3132 
80 31 1.2 1,200 1.4 0.0056 3908 
100 31 0.9 1,200 1.2 0.0048 4560 
120 31 0.8 1,200 1.0 0.0040 5088 
140 31 0.7 1,200 0.85 0.0034 5554 
~~'Run 2 without boundary layer control deviec 
TABLE III 
~ Transfer ~ Power ConsumEtioB £2r 
Electrodialysis of Brackish water* 
Time Potential Current Flow AgN03 
Rate Used 
Solution Halide Power 
Concentration Consumption 
min volts amperes em~ cm3 
'iiirn 
0 31 3.5 1,420 7.9 
20 31 3.3 1,420 6.2 
40 31 2.8 1,420 5.1 
60 31 2.1 1,420 3 .. 3 

















I~ss Transfer and POller Consumption. for - - -
Electrodialzsi~ .Q.£ Brackish Water* 
Time Potential Current Flow AgNO~ Solution Halide Power 
Rate Used_... Concentration Consumption 
min volts amperes cf3 crn3 egu!Jllent§ watt-min 
m n 1 er 
0 31 6.5 740 21.15 0.0846 ,., .. -. .. 
20 31 6.1 740 17.90 0.0716 3910 
40 31 5.8 740 15.70 0.0628 7590 
60 31 5.6 740 15 .. 30 0.0612 11120 
80 31 5.4 740 12.30 0,.0492 14440 
100 31 5.2 740 10.60 0.0424 17720 
120 31 4.9 740 9.20 0.0368 20850 
140 31 /.j.. 7 740 7.50 0.0300 23920 
160 31 4.6 740 6.60 0.0264 32700 
180 31 4 .. 3 71{.() r; 40 -. 0.0216 35456 
*Run 4 without boundary layer control device 
TA BL"E V 
¥.ass Transfer and Power c onsumntio:n for - - -
Electrodialvsis .Q! Brackish liater* 
Time Potential Current Flow AgN03 
Rate Used 









amperes cm3 em? 
min 
3-5 2,040 11.80 
3.1 2,040 9.75 
2.9 2,040 5.85 
2.6 2,040 4.80 
1.7 2,040 3.15 









*Run 5 without boundary layer control device 
watt-min 








TABL E VI 
~ Transfer ~ Power Consumption £2! 
Electrodialysis .21. Brackish ~·1a ter;~o 
Time Potential Current Flow AgNo3 Solution Halide Power 
Rate Used Concentration Consumption 
min volts amperes cm3 cm3 eguivalents watt-min - liter min 
0 31 3.8 1,420 8.4 0.0336 
_ ... ___ 
20 31 3.3 1,420 5.8 0.0232 2200 
40 31 2.8 1,420 5.2 0.0208 4160 
60 31 2.6 1,420 4.1 0.0164 5832 
80 31 2.1 1,420 3.3 0.0132 7289 
100 31 1.9 1,420 2.9 0.0116 8529 
120 31 1.7 1,420 2.3 0.0092 9659 
140 31 1.4 1,420 1.8 0.0072 10625 
160 31 1.1 1,420 1.5 0.0060 11400 
180 31 0.9 1,420 1 .. 2 0.0048 12020 
200 31 0.8 1,420 1 .. 0 0.0040 12564 
*Run 6 without bolL.~da.ry layer control device 
TABLE VII 
~ Transfer ~ Power Consumetion !£! 
Electrodialysis £! Brackish Water* 
Time Potential Current Flow AgN03 
Rate Used 
min volts amperes cm3 cm3 
min 
0 31 3.3 1,420 7.50 
20 31 3.0 1,420 6.00 
40 31 2.4 1,420 4.60 
60 31 1.8 1,420 3.55 
so 31 1.7 1,420 2.25 
100 31 1.5 1,420 0.90 



























~ Transfer ~ Power Consumption .£.9£ 
Electrodialysis £! Brackish Water* 
Potential Current Flow AgNO-z Solution Halide 
Rate Used..,~ Concentration 
volts amperes cm3 cm3 eguivalents 
min liter 
31 4.8 1,200 10.8 0.0432 
31 4.4 1,200 7.7 0.0308 
31 3.9 1,200 5.8 0.0232 
31 3.3 1,200 4.4 0.0176 
31 2.4 1,200 3.0 0.0120 
31 1.8 1,200 1.8 0.0072 











TABLE I X 
~ Transfer ~ Power Consumption !££ 
Electrodialysis .2.f Brackish 1"la ter* 
66 
Time Potential Current Flow AgN03 
Rate Used 
Solution Halide Power 
Concentration Consumption 
min volts amperes cm3 cm3 
min 
0 31 3.7 1,200 8.2 
20 31 3.6 1,200 6.7 
40 31 3.2 1,200 5.6 
60 31 2.5 1,200 4.6 
80 31 2.2 1,200 3.6 



















~ Transfer an£ £9Yer Consumption !£!: 
Electrodialysis of Brackish Water* 
Time Potential Current Flow Agno3 Solution Halide Power 
Rate Used Concentration Consumption 
min volts amperes cm3 cm3 eguivalents lmtt-min 
m~ .,., liter 4_. .~ ; •• " . 
0 31 7.4 1,200 17e7 0.0708 ------
20 31 6.lt- 1,200 11 .. 4 0 .0456 lt-205 
40 31 5.6 1,200 10 .. 5 0.0420 7925 
60 31 4.8 1,200 8 . 9 0.0356 11150 
80 31 3.9 1,200 7.0 0.0280 13848 2698 
100 31 3~0 1,200 5.2 0 .0208 15988 4838 
120 31 2.4 1,200 3.9 0.0156 17666 6516 
140 31 1.8 1,200 2.6 0. 0104 18906 8756 
*Run 10 with boundary layer control devic e No. 2 . 
68 
El ectrodialysis 21. Brackish rTa ter~t 
Time Potential current Flow AgN03 So1ut1ot: Halide Pol-Ter 
Rate Used Concentration Consumption 
-z. 
cm3 min volts amperes em.:; eguivalents watt-min 
min liter 
0 31 4.0 1,200 11.5 0.0460 ------
20 31 3.7 1,200 8.6 o.o34lr 2302 
40 31 2.9 1,200 7.1 0.0254 '+510 
60 31 2.7 1,200 5. 6 0 . 0224 6242 
80 31 2.5 1,200 4.3 0.0172 7852 
100 31 2.0 1,200 3.0 0.0120 9247 
*Run 11 with boundary layer control devic e };o . 3 . 
69 
TJl..BI,:;<; XII 
Elect.rodialys~s E.f Brackish 1·1e. ter* 
Time Potential Current Flow AgNO~ Solution Halide Power 
Rate Used .... Concentration Consumption 
"% 3 min volts amperes cm.7 em eguivalents watt-min 
min liter 
0 31 2.5 1,200 4.6 O. Ol£31-* -----
20 31 2.1 1,200 4.0 0.0160 1425 
40 31 2.0 1,200 3.2 0.0128 2695 
60 31 1.9 1,200 2.8 0.0112 3905 
80 31 1.7 1,200 2.4 0.0096 5035 
100 31 1.4 1,200 1.9 0.0076 5999 
120 31 1.1 1,200 1.5 0.0060 6770 
140 31 0.9 1,200 1.2 o.oo4B 7390 
-~~Run 12 w1.thout boundary layer control device 
70 
TABLE XIII 
~ Transfer and Pov;er Consumption _f.££ 
Electrodialzsis £!.! Brackish Water* 
Time :Potential Current Flow A;No3 Solution Halide Porler 
Rate Used C oncen tra tion Consumption 
min volts amperes cm3 cm3 egu1va1ents watt-min 
min liter 
0 31 3-5 1,420 7.5 0.0300 -------
20 31 3.2 1,420 5o5 0.0220 2080 
40 31 2.5 1,420 4.5 0.0180 3850 
60 31 2.2 1,420 3.5 0.0140 5210 
80 31 2.0 1,420 2.5 0.0120 6510 
*Run 13 without boundary layer control device 
TABLE XIV 
~ Transfer ~ Power Consumution £2! 
Electrodialysis ~ Brackish Water* 
Time Potential Current Flow AgN03 Solution Halide Power 
Rate Used Concentration Consumption 
min volts 
0 31 4.0 
20 31 3.5 
40 31 3.1 
60 31 2.6 
80 31 2.2 
























Report of a.n..'llysis of' brackish water. 
HISSOURI DIVISIO!-r OF GEOLOGICAL SURVEY AND 1'l.ATER RESOURCES 
County: Cooper 
Rolla, Jlfissouri 
Source: 1/fell T. D. 518 1 
Owner: Wayne Spence, Blackwater, Mo. 
Location: SE 1/4 NW 1/4 Sec. 23, T49N, Rl9"fl 
72 
Analysis No. 5672 Date Collected: 11-18-64 Analyst: H.E .Phillips 
Collector: ~Ex Hoobler Date Analyzed: 1-29-65 
CONSTITUENTS IN PARTS PER 1ITLLION 
pH •••••••••••••••••••••••••••••• 6.8 
Alkalinity (Caco3 ) •••••••••••••• 243.0 
Bicarbonate {Hco3 ) •••••••••••••• 296.5 
Calcium (Ca) •••••••••••••••••••• 528.8 
Ha.gnesium (¥~) • • • • • • • • • • • • • • • • • • 219.4 
Sodium (Na) and Potassium (K) as Na 
• • • • • • • • • • • • • • • • • • 2672 .o 
Total Iron (Fe) ••••••••••••••••• 13.0 
Sulfate (S04) 
Chloride (Cl) 
• • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • 
586.2 
5150.0 
Total Suspended Natter •••••••••• 9905.0 
Total Dissolved Solids •••••••••• 9905.0 
IX. BIBLIOGRAPHY. 
1. Prasad, J., Effect of Boundary Layer Control, Through 
Surface Holes, on the Film Coefficient of 
Heat Transfer, p. 6. Unpublished Masters Thesis, 
No. 1274, Library, University of Missouri at Rolla, 
Missouri., (1960). 
2. Winger, A. G., and G. w. Bodamer., Ind. Eng. Chern., 
!!, 50 (1950). 
3. Ments, M. v., Ind. Eng. Chern., ~. 71 (1955). 
4. Mintz, M. s., Ind. Eng. Chern., ~' 18 (1963). 
5. Routhfus, R. R. and R. s. Prengle., Ind. Eng. Chem., 
~. 1683 (1952). 
6. Kundsen, J. G. and D. L. Katz., "Fluid Dynamics and Heat 
Transfer", p. 214. McGraw- Hill Book Co., 
Inc., New York, N. Y., 1949. 4th ed. 
7. Chilton, T. H. and A. P. Colburn., Ind. Eng. Chem., 
g2, 1183 (1934). 
8. Sherwood, T. K., Trans. Am. Inst. Chem. Engrs., 
l£, 817 (1940). 
g. Frank-Kamenetskii, D. A., "Diffusion and Heat 
Exchange in Chemical Kinetics", p. 98. 
Princeton University Press, Princeton, N. J., 
1958. 1st ed. 
lC·. Cowan, D. A. and J. H. Brol'.rn., Ind. Eng. Ch ern ., 
21· 1445 (1959). 
11. Griffth,B .. A .. , "Principles of Mechanics". p. 114. 
l~cGralv-H111 Book Co., Inc., New York, :r-r . Y., 1942. 
12. Wener, P. c., and s. T. Pennenger., Investigation on 
Reduction of Friction on Wings, in Particular 
by :r-~eans of Boundary-layer Suction., NACA. 
Technical Memorandun No. 1181. 
13. Von Doenhoff, A. E., and L. K. Loftin Jr., Journal Aero. 
Sci., 1£, 729 (1949). 
14. George, P. J., Boundary Layer Control on Heat Transfer 
From a Pipe. p. 12. Unpublished Master Thesis, 
No. 1273, Library, UMR, Rolla, Mo., (1960). 
15. Rosenberg, N. w., and P. J. Tirrell., Ind. Eng. Chem., 
i2_, 780 (1957). 
16. Merten, u., Ind. Eng. Chem. Fundamentals., £, 229 
(1963). 
17. Katz, w. E., Electrodialysis Seminar Stackpack 
Demonstration No. 68, p. 1. Ionics. Inc., 
Cambridge, Mass., (1965). 
18. Katz, w. E., Advances in Chemistry Series~' p. 158. 
American Chemical Society., Washington, D. c., 
(1963). 
19. "standard Methods for the Examination of Water and Se-rrage", 
p. 73. American Public Health Association., 
1790 Broadway, New York 19, N. Y., 9th ed. 1946. 
74 
X. VITA. -
The author '\'Tas born on Narch 11, 1936, in Hankow City, 
Eupei Province, China. 
He entered the Department of Chemical Engineering, 
Fa tional Tahra.n University in September 1955 and graduated 
in June 1959 with a Bachelor of Science Degree in Chemical 
Engineering. 
After graduation he joined the Chinese Army and served 
as a second lieutenant platoon leader for one and one half 
years. 
He enrolled in the University of Kam~as at I~awrcnce in 
Feb. 1963 and transferred to University of Hissouri at Rolla 
in Feb. 1964 as a graduate student in Chemical Eneineerins. 
75 
